The authors trained 2 homing pigeons (Columba livia) on a directed forgetting task with 3 cues: a remember cue that was followed by a memory test and the opportunity to obtain a reward, a forget cue that was not followed by a memory test or a reward, and a free-reward cue that was not followed by a memory test but was followed by a free reward. The authors examined the activity of single neurons in the avian nidopallium caudolaterale, an area equivalent to the primate prefrontal cortex. Following the remember cue there was sustained neural activity during the delay period, whereas following the forget cue the neural activity in the delay period was significantly reduced. The activity following the free-reward cue mirrored that following the remember cue. The authors discuss the extent to which the findings are in line with the view that the sustained activity reflects memory for the sample stimulus or memory for reward.
In both human and nonhuman primates, the prefrontal cortex (PFC) is critical for working memory, the ability to store information for short periods of time, and executive control, which are processes that operate on the contents of the stored information (E. K. Miller & Cohen, 2001; Smith & Jonides, 1999) . With respect to working memory, a number of studies in humans have shown that the PFC is activated in tasks that require the retention of information (D'Esposito, Postle, & Rypma, 2000; E. K. Miller & Cohen, 2001; Petrides, 2000) . Likewise, in monkeys, neurons in the PFC show sustained activation during the retention period of a memory task (Fuster & Alexander, 1971 ; E. K. Miller, Erickson, & Desimone, 1996) .
The evidence for the involvement of the PFC in executive control is more varied in nature. In humans, tasks that require attending to relevant information and inhibiting irrelevant information, such as the Wisconsin Card Sorting Task and the Stroop Interference Test, all result in activation of the PFC (Garavan, Ross, & Stein, 1999; Smith & Jonides, 1999) . Likewise, the neural responses of monkey PFC neurons have been shown to be robust to distracting events (E. K. Miller et al., 1996) and modulated by attentional demands (Rainer, Asaad, & Miller, 1998) , two characteristics that have been interpreted as evidence that the PFC in monkeys is involved in executive control.
Recently, there has been considerable research on the avian nidopallium caudolaterale (NCL; Güntürkün, 2005a Güntürkün, , 2005b . On the basis of lesion (Güntürkün, 1997; Mogensen & Divac, 1982) , neurochemical Divac, Mogensen, & Bjorklund, 1985) , and anatomical connection (Kröner & Gün-türkün, 1999 ) studies, the NCL is considered analogous to the mammalian PFC. Like the PFC, the NCL receives a dense dopaminergic innervation . In addition, the NCL, like its mammalian counterpart, is also involved in working memory and executive control. With respect to working memory, neurons in the NCL show sustained activity during the delay period of a memory task (Diekamp, Kalt, & Güntürkün, 2002) . With respect to executive control, Rose and Colombo (2005) showed that the NCL is involved in one of the fundamental forms of executive control, the ability to filter relevant and irrelevant information. Rose and Colombo (2005) trained birds on a directed forgetting version of a visual delayed matching-to-sample task. Each trial began with an intertrial interval (ITI), which was then followed by the presentation of a sample stimulus (e.g., red or white). After responding to the sample stimulus, either a high-frequency tone or a low-frequency tone was presented during a cue period, and this was followed by a delay period. What followed the delay period was a function of which tone was played during the cue period. If the high-frequency tone was played, then the delay period was followed by a memory test in which both red and white were presented as comparison stimuli, and the bird had to indicate which of the two comparison stimuli had appeared most recently as the sample. If they responded correctly, a reward was delivered, whereas an incorrect response resulted in a timeout period. If the low-frequency tone was played, the trial ended after the delay period, and no test phase or reward was presented. In other words, the high-frequency tone instructed the subject to remember the sample stimulus, and the low-frequency tone instructed the subject to forget the sample stimulus. Rose and Colombo (2005) found that neurons in the NCL fired when the birds were told to remember and stopped firing when the birds were told to forget. They argued that the sustained activation in the delay period of remember trials, and the absence of sustained activation in the delay period of forget trials, represented a neural correlate of the birds remembering and forgetting the sample stimulus, respectively.
One clear finding from the directed forgetting literature in pigeons is that if a forget cue is followed by the opportunity to obtain a reward (Kendrick, Rilling, & Stonebraker, 1981; Maki & Hegvik, 1980) , or if a forget cue is followed by a free reward (Kendrick et al., 1981) , then forgetting does not occur. The idea is that the possibility of reinforcement is enough to encourage an animal to engage in delay-interval rehearsal of the sample stimulus (Maki & Hegvik, 1980 ). In the current study, in addition to remember and forget cues, we also introduced a free-reward cue. On free-reward trials, there was no test phase, but a reward was automatically delivered at the end of the delay period. If an upcoming reward is sufficient to encourage subjects to remember the sample stimuli, as the literature would suggest, then we would predict that (a) behaviorally the birds should show evidence that they remember the sample stimulus on free-reward trials and (b) the neural activity on free-reward trials should mirror that of remember trials. The goal of the current study was to test these predictions.
Method

Subjects
Two homing pigeons (Columba livia) served as subjects. They weighed approximately 500 -600 g, were housed individually in wire-mesh cages, had free access to water and grit, and were maintained on a 12-hr light-dark cycle with lights on at 0700. The birds were maintained at 80%-85% of their free-feeding weight by feeding them a mixture of wheat, peas, and corn. The experiments were approved by the University of Otago Animal Ethics Committee and conducted in accordance with the University of Otago's Code of Ethical Conduct for the Manipulation of Animals (AEC 77/00).
Apparatus and Stimuli
All training and testing were conducted in sound-attenuated operant chambers. The inside dimensions of the chambers measured approximately 31 cm (length) ϫ 33 cm (width) ϫ 30 cm (height). The front panel of each chamber housed three circular clear plastic response keys, each measuring 2.5 cm in diameter. The three keys were arranged horizontally and mounted 22 cm above the floor. The center-to-center distance from one key to the next was 10 cm. Behind each key was a stimulus projector (Industrial Electronics Engineers, Model 1071, Van Nuys, CA) that was used to present the visual stimuli. Food reward (wheat) was delivered via an illuminated magazine situated 16 cm below the center key.
The stimuli consisted of two colors (red and white) that filled the entire 2.5-cm response key. The remember cue was a highfrequency tone (5000 Hz), the forget cue was a low-frequency tone (500 Hz), and the free-reward cue was a medium-frequency tone (2750 Hz) that was pulsed 0.5-s on-0.5-s off resulting in five on-off periods during its 2-s presentation. Computers attached to the chamber controlled the presentation of the stimuli, reward and punishment contingencies, and all data recording.
Behavioral Task
All training and testing were conducted in a dark chamber. The only illumination was that provided by the stimuli when they appeared on the keys and a small light under the food hopper when reward was delivered. The birds were trained on a directed forgetting version of the delayed matching-to-sample task. The structure of a trial was as follows. At the end of a 15-s ITI, a sample stimulus (red or white) was presented on the center response key. After three pecks to the sample stimulus, the sample was turned off and was followed by a 2-s presentation of either the remember cue, forget cue, or free-reward cue. Following the 2-s cue period was a 3-s delay period in which no sounds were presented.
What followed the delay period was a function of which cue had been presented. If the remember cue had been presented ( Figure  1A ), the delay was followed by a test period in which both stimuli (red and white) were displayed on the side keys. The position of the red and white stimuli on the left and right keys was balanced across the session. A single response to the stimulus that had been presented in the sample period was rewarded with 2-s access to wheat, whereas a single response to the other stimulus was punished with a 30-s timeout. If the forget cue had been presented ( Figure 1B) , there was no test period, and the trial ended after the delay period. If the free-reward cue was presented ( Figure 1C ), there was also no test period, but in contrast to forget trials, a 2-s reward was presented at the end of the delay period.
A session consisted of 96 trials, 48 remember trials, 24 forget trials, and 24 free-reward trials, randomly mixed. With two stimuli (red [R] and white [W] ), the sample stimulus appearing on the center projector and the comparison stimuli appearing on the side projectors, there are four possible trial configurations, R-R-W, W-R-R, W-W-R, and R-W-W, with the three positions representing the left, center, and right projectors, respectively. The number of the four trial types across the three cue conditions was perfectly balanced within a session such that for the remember trials there were 12 of each of the four trial types and for the forget and free-reward trials there were six of each of the four trial types.
Probe Sessions
Recall that on forget and free-reward trials there was no test period following the delay. It is impossible from these trial types to know, therefore, the status of the animal's memory for the sample stimulus. For this reason, every so often the birds were given a probe session consisting of 4 probe trials within the 96-trial session. Two of the probes were forget probe trials ( Figure 1D ), and 2 were free-reward probe trials ( Figure 1E ). For both forget probe trials and free-reward probe trials, following the delay the birds were presented with a test period. These probe trials allowed us to examine the effectiveness of the forget and free-reward cues as an instruction to forget the sample stimulus. It was critical that these probes were administered rarely, otherwise their effectiveness would have been greatly diminished. All aspects of the stimulus and cue presentations were balanced within a session.
Surgery
Once training was complete the birds were prepared for alert recording by implanting a miniature moveable microdrive (Bilkey, Russell, & Colombo, 2003) . The surgical procedure was as follows: The birds were first anesthetized with ketamine hydrochloride (100 mg/kg) and xylazine (20 mg/kg), and the feathers overlying the skull were removed. They were then placed in a Revzin adapter (Karten & Hodos, 1967) and mounted in a stereotaxic device (Kopf instruments, Tujunga, CA). The head was cleaned with Betadine (Faulding Pharmaceuticals, Salisbury, Australia) and alcohol (70%), sprayed with a topical analgesic (10% Xylocaine, Astra-Zeneca Limited, Auckland, New Zealand), and the eyes were covered with ointment to prevent them from drying. A 2-cm anterior-to-posterior incision was made in the skin overlying the skull and the skin retracted and held open with skin clips. The skull was cleaned with alcohol (100%) and a 2-mm hole drilled above the NCL. The microdrive, which housed the eight recording wires, was lowered into the brain such that the tips of the electrodes came to rest right above the NCL at AP ϩ 5.5 and ML Ϯ 7.5 (Karten & Hodos, 1967) . Six miniature stainless steel screws were placed in the skull, one of which served as the microdrive's ground. The microdrive was secured to the skull by covering it, the screws, and the skull in dental acrylic. The incision was then closed around the microdrive, Xylocaine (10%) applied to the wound margin, and the animal allowed to recover in a heated and padded cage until alert and mobile. The animal was then returned to its home cage where it was allowed to recover for 7-10 days prior to the start of recording.
Neuronal Recording
The extracellular activity of single neurons was measured with eight 25-m formvar-coated nichrome wires housed inside the microdrive. The signals were first impedance matched through a fieldeffect transistor (FET) headstage and then amplified and filtered to remove 50-Hz noise by using Grass P511K pre-amplifiers (Grass Instruments, Quincy, MA). On each recording day, we sampled each electrode for neural activity. If an electrode was found with neural activity, then a second electrode with minimal or no activity served as the indifferent electrode. The only criterion for the selection of a neuron was that the activity was well isolated with a signal-to-noise ratio of at least 2:1. If these conditions were met, then the behavioral task was initiated and the recording session lasted approximately 1 hr. At the end of the recording session, the electrodes were advanced at least 40 m, and the animal was returned to its home cage. If we could find no neural activity across any of the eight electrodes, then the electrodes were advanced 20 m, and the animal was returned to its home cage. The pigeons were tested once a day, usually 5 days a week. Figure 1 . Behavioral task. Sequence of events on (A) remember trials, (B) forget trials, (C) free-reward trials, (D) forget probe trials, and (E) free-reward probe trials. On remember trials, forget probe trials, and free-reward probe trials, the birds were presented with a test period, whereas on forget and free-reward trials, the test period was absent. The three horizontally arranged circles represent the projectors onto which the stimuli, the colors red and white, were displayed. The sample stimulus always appeared on the center key and the comparison stimuli appeared on the two side keys. No stimuli appeared on the keys during the cue or delay periods. The dotted and solid circles represent projectors with and without displayed stimuli, respectively. The reward was wheat. ITI ϭ intertrial interval; R ϭ remember cue, a steady high-frequency tone; F ϭ forget cue, a steady low-frequency tone; F-r ϭ free-reward cue, a pulsed medium-frequency tone.
The time-tagging of all behavioral events of the delayed matching-to-sample task and analysis of the spike data were accomplished by using a CED (Cambridge Electronic Design Limited, Cambridge, United Kingdom) 1401 plus system and Spike 2 software. All spikes were first detected by a waveform signal crossing a trigger level. The captured spikes were then isolated and accumulated online on the basis of the CED template matching software, and all waveforms were recorded.
Histology and Electrode Track Reconstruction
When the electrode tips neared the bottom of NCL, the final electrode position was marked with a small electrolytic lesion by passing a current (9 volts for 10 -15 s) with a Grass stimulator (Model SD9D; Grass Instruments, Quincy, MA). The bird was then deeply anesthetized with halothane and perfused through the heart first with physiological saline and then with 10% formalin. The head was then removed, an opening in the skull was made, and the head was allowed to soak for a further week in 10% formalin. The brain was then blocked, removed, and placed in 10% formalin for 5 days and then transferred to a solution of 30% sucrose and 10% formalin and allowed to sink twice. The brain was then frozen and sectioned at 50 m, with every 10th section mounted and stained with cresyl violet. The accuracy of electrode placements was determined from reconstructions of the electrode tracks, position of the electrolytic lesion, and depth records.
Data Analysis
Only correct trial data were analyzed. To determine the number of delay neurons in the population, we compared the average activity in the middle 5 s of the ITI with the average activity in the delay period after each of the two sample stimuli by using paired t tests with a modified (Keppel, 1982) Bonferroni correction ( p Ͻ .033). A neuron was considered a delay neuron if it fired significantly differently in the delay period compared with the ITI period after either or both of the sample stimuli. With the same statistics, a neuron was defined as an executive neuron if it fired in the delay period on remember trials but not on forget trials. Further analyses on these executive neurons were conducted with repeatedmeasures analyses of variance (ANOVAs), all using GreenhouseGeisser correction.
Results
Histology
The intended position of the electrode trajectory in NCL, as well as the reconstructions of the electrode tracts for the 2 birds, are shown in Figure 2 . In general, the recovered tracts for T19 ( Figure  2C , solid lines) tended to be slightly more anterior (range ϩ5.75 to ϩ6.5) than were those for EZ2 ( Figure 2C , dashed lines; range ϩ5.5 to ϩ6.0), although for both birds the majority of the tracts were located around ϩ5.75. With respect to the placements of the electrodes, the tracks were within the boundaries of NCL as defined by Kröner and Güntürkün (1999) . All tracks were within 1 mm of the desired ϩ5.5 location (range ϩ5.5 to ϩ6.5). We found no evidence that the characteristics of the neurons differed between the left and right hemispheres, along the dorsal and ventral extent of the NCL, or between the two birds. All the data were therefore collapsed across these variables.
Incidence and Type of Delay Activity
We recorded from a total of 126 neurons in NCL. Of these 126 neurons, 81 (64.3%) showed sustained activation during the delay period relative to the ITI period and were classified as delay neurons. Of the 81 delay neurons, 36 (44.4%) were selective in that they showed sustained activity in the delay period after only one of the two sample stimuli. The other 45 (55.6%) delay neurons were nonselective in that they showed sustained delay period activity following both sample stimuli. Because some delay neurons showed activity after only one sample stimulus, and others after both sample stimuli, all subsequent statistics were conducted across what we term instances of delay activity. Thus, nonselective delay neurons contributed 2 instances of delay activity for analysis, whereas selective delay neurons contributed 1 instance of delay activity for analysis. Across the 81 delay neurons, there were 126 instances of delay activity (36 delay neurons contributing 1 instance of delay activity and 45 delay neurons contributing 2 instances of delay activity).
Modulation of Delay Activity by Remember, Forget, and Free-Reward Cues
A neuron was defined as an executive neuron if it showed significant activity during the delay period on remember trials and no significant delay activity on forget trials. Of the 126 instances of delay activity, 57 (45.2%) were classified as instances of executive activity. Delay activity was also identified as excitatory or inhibitory, referring to either an increase or decrease, respectively, in delay activity relative to the baseline (ITI) activity. Of the 57 instances of executive activity, 18 were excitatory and 39 were inhibitory. Examples of instances of excitatory and inhibitory delay activity are shown in Figure 3 . Neuron 1 is an example of an excitatory executive neuron. On remember trials, this cell showed a sustained activation during the cue and delay periods. On forget trials, the sustained activation was abolished. Neuron 2 is an example of an inhibitory executive neuron. In this case, there was a sustained decrease in activation during the cue and delay periods, and this sustained decrease was abolished on forget trials.
Recall that our prediction was that if a forget cue was followed by a free reward then the bird should remember the sample stimulus. The neural activity on free-reward trials, therefore, should mirror that on remember trials, because in both cases the birds are remembering the sample stimulus. In the case of the two neurons shown in Figure 3 , the activity on free-reward trials clearly mirrors that on remember trials in that in both cases, following the free-reward cue there is sustained activation in the cue and delay periods.
Population Response of Executive Instances
To more fully evaluate whether the free-reward activity followed the remember activity or the forget activity, we examined the neural responses across all 57 instances of executive activity. The average response profile of all 18 instances of excitatory executive activity, and that of all 39 instances of inhibitory exec-utive activity, is shown in Figure 4 . Across all instances of excitatory activity following the remember cue ( Figure 4A ), there was an increase in neural activity in response to the sample stimulus, followed by a sustained increased level of activity during the cue and delay periods. The data for the 18 instances of excitatory activity were subjected to four separate two-way ANOVAs with condition (remember, forget, and free-reward) and bins (either 100, 6, 40, or 60 in the ITI, sample, cue, and delay period, respectively) as factors, with repeated measures over both condition and bins. The main effect for bin was significant for the Diekamp, Kalt, & Güntürkün, 2002) . C: Histological reconstruction of the electrode tracks for the 2 pigeons. The black and dashed lines represent the recovered electrode tracks for T19 and EZ2, respectively. All recovered tracks were within the boundaries of the NCL. Note that the structures in the avian brain have undergone a revised nomenclature (Reiner et al., 2004) . We have performed our reconstruction on the Karten and Hodos (1967) sections by using their abbreviations. The revised nomenclature, if available, is listed in parentheses. Ad ϭ archistriatum pars dorsalis (arcopallium dorsale); Av ϭ archistriatum pars ventralis (arcopallium mediale); DA ϭ tractus archistriatalis dorsalis (tractus dorso-arcopallialis); Hp ϭ hippocampus; HV ϭ hyperstriatum ventrale (mesopallium); N ϭ neostriatum (nidopallium); NC ϭ neostriatum caudale (nidopallium caudale); Rt ϭ nucleus rotundus; SGC ϭ stratum griseum centrale; SGF ϭ stratum griseum et fibrosum superficiale; TrO ϭ tractus opticus; V ϭ ventricle. Panels The important issue in the current study was how activity varied as a function of the remember, forget, and free-reward conditions. The main effect of condition was significant for the delay period, F(2, 34) ϭ 5.50, p Ͻ .05; but not for the ITI period ( p ϭ .80) or sample period ( p ϭ .67). The main effect of condition just fell short of significance for the cue period, F(2, 34) ϭ 3.59, p ϭ .057. We further identified the source of the significant difference in the delay period between the three conditions by conducting paired t tests based on the average values of the delay activity. Pairwise comparisons revealed a significant difference in activity between the remember and forget conditions, t(17) ϭ 3.53, p Ͻ .01; and between the free-reward and forget conditions, t(17) ϭ 2.13, p Ͻ .05. No significant difference was found between remember and free-reward conditions ( p ϭ .87). In other words, activity on the free-reward trials mirrored that on the remember trials.
As can be seen in Figure 4B , across all the instances of inhibitory activity following the remember cue there was an increase in neural activity in response to the sample stimulus, followed by a sustained decreased level of activity during the cue and delay periods. The data for the 57 instances of inhibitory activity were subjected to the same two-way ANOVA with condition (remember, forget, and free-reward) and bins (either 100, 6, 40, or 60 in the ITI, sample, cue, and delay period, respectively) as factors, with repeated measures over both condition and bins. The main effect for bin was significant for the cue period, F(39, 1482) ϭ 4.66, p Ͻ .01; and delay period, F(59, 2242) ϭ 2.76, p Ͻ .01; and fell just short of significance for the sample period, F(5, 190) ϭ 2.50, p ϭ .056. Again, the significant effect of bin merely reflects fluctuations in the neural activity in these periods.
With respect to the instances of inhibitory activity, the main effect of condition was significant for both the cue period, F(2, 76) ϭ 11.18, p Ͻ .001; and the delay period, F(2, 76) ϭ 19.82, p Ͻ .001; but not the ITI period ( p ϭ .67) or the sample period ( p ϭ .10). We further examined the source of significance for the cue and delay periods by conducting pairwise comparisons between the three conditions. For the cue period, all three comparisons (remember vs. forget, free-reward vs. forget, and remember vs. free-reward) were significantly different from each other: all ts(38) Ͼ 2.26; all ps Ͻ .05. For the delay period, there was a significant difference in activity between the remember and forget conditions, t(38) ϭ 5.02, p Ͻ .001; and between the free-reward and forget conditions, t(38) ϭ 4.74, p Ͻ .001. No significant difference was found between the remember and free-reward conditions ( p ϭ .10). In other words, with respect to the delay activity, the pattern was similar to that observed for the instances of excitatory activity in that the activity on the free-reward trials mirrored that on the remember trials, and both were different to that on forget trials. In contrast to the instances of excitatory activity, for the instances of inhibitory activity we did find a significant effect of condition during the cue period, an issue that we return to below.
One final point regarding the population responses deserves mention. Rose and Colombo (2005) found that the forget cue completely abolished the sustained activation. In other words, the forget cue was so effective that on forget trials there was no difference in activity between the delay and ITI periods. This effect was not observed in the current study. Although the forget cue significantly reduced the sustained delay-interval activation, it did not drop it to the level of the activity in the ITI. Delay activity in the forget condition remained significantly different from baseline (ITI) activity for both instances of excitatory, t(17) ϭ 4.12, p Ͻ .01; and inhibitory, t(38) ϭ 5.03, p Ͻ .001, delay activity. 
Behavioral Evidence of Remembering
The most important finding in the current study was that for both instances of excitatory and inhibitory delay activity, activity on the free-reward trials mirrored that on the remember trials, and both were different from the activity on forget trials. If the freereward delay-interval sustained activation, like the remember delay-interval sustained activation, is a code of the subjects remembering the sample stimulus, then we would expect performance on the free-reward probes trials to be no different to performance on remember trials. Bird EZ2 received 10 probe sessions, 8 with both forget and free-reward probes, and 2 with just forget probes. Bird T19 received 9 probe sessions, 8 with both forget and free-reward probes, and 1 with just forget probes. The average performance across all probe sessions is shown in Figure  5 for bird EZ2 and bird T19. The data were subjected to a one-way ANOVA with cue (remember, forget, and free-reward) as a factor. There was a significant effect of cue, F(2, 5) ϭ 16.49, p Ͻ .05. A post hoc Scheffé test confirmed that there was no difference in performance between remember (86.2%) and free-reward trials (87.5%) and that both were significantly different to performance on forget trials (63.8%). A one-sample t test evaluated against a chance level of performance of 50% indicated that performance on remember trials was significantly different from chance for both EZ2, t(9) ϭ 21.02, p Ͻ .001; and T19, t(8) ϭ 33.27, p Ͻ .001. In contrast, performance on the forget probe trials was not significantly different from chance for either EZ2 ( p ϭ .22) or T19 ( p ϭ .20), suggesting that for both birds the forget cue was indeed directing them to forget the sample stimulus.
Given the neural data, we would predict that performance on the free-reward probes would be high. Indeed this was the case. Performance on the free-reward probes was significantly different from chance for both EZ2, t(7) ϭ 4.58, p Ͻ .01; and T19, t(8) ϭ 3.50, p Ͻ .01, suggesting that, in contrast to the forget cue, the free-reward cue was not effective in instructing the subjects to forget the sample stimulus. In fact, a paired-sample t test revealed that there was no difference in performance between remember and free-reward probe trials for either EZ2 ( p ϭ .54) or T19 ( p ϭ .82). In other words, following the neural data, and in line with the literature, providing a reward following a forget cue results in the subjects remembering the sample stimulus. The response profile of the 39 instances of inhibitory delay activity following the remember, forget, and free-reward cues. To account for differences in firing rates between the neurons, each neuron's firing rate was normalized against the average of the ITI for each condition (remember, forget, and free-reward). The vertical dashed lines separate the different periods of the task. ITI ϭ intertrial interval, S ϭ sample period.
A. Excitatory Instances
Further Analysis of Cue Period Activity
Our previous analysis indicated that in the delay period the free-reward activity mapped onto the remember activity. In the cue period, however, the reverse seemed to be the case, with the forget activity tending to map onto the remember activity (see Figure 4) . Our statistics, which indicated that there was no difference between the three conditions in the case of the instances of excitatory activity and that all three conditions were different from each other in the case of the instances of inhibitory activity, did not support the impression from the figure. Part of the problem, we believe, was in averaging across the entire cue period. Because it takes time for differences between the three conditions to develop, by averaging the early part of the cue period along with the later part of the cue period we effectively dilute any small differences. For this reason, we reanalyzed the cue period looking at just the middle 1 s of the 2-s period.
The data for the middle 1 s of the cue period for the instances of excitatory activity were again subjected to a two-way ANOVA with condition (remember, forget, and free-reward) and bins (20) as factors, with repeated measures over both condition and bins. The main effect of condition was significant, F(2, 34) ϭ 5.57, p Ͻ .05. Paired t test comparing the three conditions revealed that there was a significant difference in activity between the remember and free-reward conditions, t(17) ϭ 2.27, p Ͻ .05; and between the forget and free-reward conditions, t(17) ϭ 2.58, p Ͻ .05; but not between the remember and forget conditions ( p ϭ .17). The same pattern was observed for the instances of inhibitory activity: The main effect of condition was significant, F(2, 76) ϭ 7.51, p Ͻ .01; and there was a significant difference in activity between the remember and free-reward conditions, t(38) ϭ 2.67, p Ͻ .05; and between the forget and free-reward conditions, t(38) ϭ 3.52, p Ͻ .01; but not between the remember and forget conditions ( p ϭ .29). In summary, although in the delay period the remember and free-reward activity map onto each other, in the cue period, at least the middle part of it, the remember and forget activity map onto each other.
Discussion
Summary of Findings
We recorded from 126 neurons in the avian equivalent of the PFC. These 126 neurons generated 126 instances of delay activity, of which 57 were classified as executive in that they responded with an increased activation on remember trials and a significantly decreased activation on forget trials. These executive instances allowed us to examine the main question of whether the delay activity on free-reward trials mirrored that of the delay activity on remember trials or forget trials. In line with the directed forgetting literature that presenting a free reward results in the subjects remembering the sample stimulus, we found that for both birds the free-reward delay activity mirrored the delay activity on remember trials. Behaviorally, the birds performed just as well on the freereward probe trials as they did on remember trials.
Comparison With Previous Study
The main findings of the Rose and Colombo (2005) study, that the remember cue triggered sustained activation during the delay period and that following the forget cue the sustained activation was significantly reduced, were also replicated in the current study. One difference between the two studies was that in the Rose and Colombo (2005) study the forget cue completely abolished the sustained activation to the point that the activity in the delay period was indistinguishable from the activity in the ITI period. In the current study, the forget cue was not as effective; although it significantly reduced the sustained activation, it did not completely eliminate it. Our behavioral data parallel our neural findings. Although performance on the forget probe trials in the current study was not significantly different from chance, it is interesting to note that forget probe performance in the current study was around 60% correct, compared with 43.8% correct in the Rose and Colombo (2005) study.
The exact reasons why the neural activity on forget probe trials in the current experiment did not drop to baseline (ITI) levels is not entirely clear. Although the remember and forget cues in the current study were identical to those used by Rose and Colombo (2005), we believe the addition of a third cue may have caused some confusion between the cues, or at least between the remember and forget cues. Recall that the remember cue was a steady tone of 5000 Hz, the forget cue a steady tone of 500 Hz, and the free-reward cue a pulsed tone of 2750 Hz. All three tones can be distinguished on the basis of frequency, but the free-reward tone can also be distinguished from the other two on the basis of its pulsating nature. Thus, the remember and forget cues are more similar to each other than either is to the free-reward cue. Keep in mind, however, that although the addition of the free-reward cue may have made the remember and forget cues harder to discriminate from each other, our neural data and our behavioral data clearly show that they were discriminated.
The confusion among the cues, or at least the greater confusion between the remember and forget cues, may have been the reason why the activity on forget trials was not completely abolished. Likewise, this confusion among the cues may also explain the curious observation that the remember activity changed from initially mapping onto the forget activity in the cue period to then mapping onto the free-reward activity in the delay period. We believe this switch reflects the subjects' speed of discriminating among the three cues. Following the offset of the sample stimulus, the bird hears one of three cues. The pulsed nature of the freereward cue allows it to be discriminated from the other two cues right away, and hence the neural activity following the free-reward cue separates from the neural activity related to the other two cues. Because the remember and forget cues are less discriminable, the neural activity relating to these cues does not separate until later in the cue period.
Significance of Current Findings for Executive Control
The behavioral data on directed forgetting, virtually all of which has been conducted with pigeons, indicate that when a forget cue predicts either a free reward (Kendrick et al., 1981) or the opportunity to obtain a reward (Grant, 1981; Kendrick et al., 1981; Maki & Hegvik, 1980) , rehearsal mechanisms are engaged and the subjects remember the sample stimulus. The findings in the current study, both neural and behavioral, are in line with the literature. With respect to the neural data, neural activity on free-reward trials matched that on remember trials, indicating that in both cases the subjects were remembering the sample stimulus. With respect to the behavioral data, performance on free-reward probe trials was just as high as performance on remember trials, indicating that after the remember and free-reward cues the birds were remembering the sample stimulus.
To the extent that the sustained activation in the delay period represents a code of the sample stimulus, these data further add to the evidence that the NCL is involved in executive control of what we remember. As stated by Smith and Jonides (1999) , one of the key features of executive control is the ability to selectively remember necessary information and discard unnecessary information. It is reasonable that the mammalian brain is equipped to perform this filtering process because, as impressive as our memory abilities are, they are not without limits (G. A. Miller, 1956; Rainer et al., 1998) . What our study has shown is further evidence that neurons in the avian brain also engage in executive control. Of course, it is difficult to know whether the NCL neurons are performing the executive control themselves or whether we are observing the effects on NCL neurons of executive processes that are being performed elsewhere in the brain. Given that the NCL is analogous to the PFC (Güntürkün, 2005a (Güntürkün, , 2005b , and given the importance of the PFC in executive control (E. K. Miller & Cohen, 2001) , we would argue that it is the NCL neurons that are performing the executive control. By executive control, we mean that these neurons are coding "remember red" or "forget red." Whether this means that they tell neurons in other regions of the brain to "remember red" or whether they are themselves remembering red, or perhaps both, is unknown.
What Is Being Coded by the Delay Activity?
Although initial accounts viewed delay period sustained activation as reflecting a code of the animal remembering the sample stimulus (Fuster & Alexander, 1971; Fuster & Jervey, 1982) , other interpretations of sustained activation are possible. For example, sustained activation in the delay period could also reflect either a general arousal level, a preparatory motor response for eating, or sustained attention directed to the front panel where the reward will appear. The findings in the current study, however, that some neurons show sustained activation after only one of the sample stimuli, make explanations of the sustained activation in terms of general arousal, a preparatory motor act, or sustained attention less likely. The reason is that if sustained activation reflected these mechanisms, we should see it after both sample stimuli. Yet a large number of neurons in this current study, and other studies (Colombo & Gross, 1994) , show delay period sustained activation after only one of the two sample stimuli.
Our finding of selective delay neurons is consistent with the sustained activation in the delay period representing a code of the sample stimulus. The reason is that just as there are neurons in the brain that respond to specific visual features, so too would there be neurons involved in the memory of those specific features. However, the overlap in neural activity between the remember and free-reward trials suggests another explanation that would account for the Rose and Colombo (2005) data as well as that of the current study. Rather than reflecting a code of the sample stimulus, the sustained activation following the remember and free-reward cues could reflect a code of an upcoming reward. Neither the data of the current experiment nor the literature on directed forgetting in pigeons allow one to unambiguously determine whether the sustained activation we see is a code of the sample or a code of the reward. Had the birds performed poorly on the free-reward probe trials, then the outcome of the neural activity on the free-reward trials could have answered the question of whether the sustained activation was a code of the sample or a code of the reward. For example, had the free-reward activity matched the remember trials and performance on the free-reward probe trials been poor, then the sustained activation would most certainly be a code of the reward because both the remember cue and the free-reward cue would have predicted reward but not performance. On the other hand, had the free-reward activity matched the forget activity and the performance on the free-reward probe trials been poor, then the sustained activation must be a code of the sample, because both the free-reward cue and forget cue would have predicted performance but not reward. As we predicted from the literature, however, performance on free-reward probe trials was just as good as performance on remember trials, and so it is not possible to conclude whether the sustained activation is a code of the sample or a code of the reward.
It is far from conclusive, but one could argue that our neural data support the view that the sustained activation represents a sample code. There is some evidence that the magnitude of neural activity is a function of either the expectancy of a reward (Shidara & Richmond, 2002; Watanabe, 1992) or the magnitude or preference of a reward (Leon & Shadlen, 1999; Watanabe, 1996) . For example, Watanabe (1992) showed that some prefrontal neurons fired more on trials in which reward was expected compared with trials in which reward was not expected. One could argue, therefore, that if the delay activation represented a code of the upcoming reward, one would expect greater activity on free-reward trials, in which reward is 100% certain, than on remember trials, in which a reward was delivered on roughly 80% (EZ2) or 88% (T19) of trials. Yet it was clear that the neural activity on free-reward and remember trials was identical during the delay period. Such would be the case if on both remember and free-reward trials the subjects were doing the same thing, that is, remembering the sample stimulus. We do recognize, however, that this is not a conclusive argument in favor of the delay activation representing a code of the sample as opposed to a code of the reward. Such arguments are interesting to pursue, but they do not provide us with definitive answers. The key for future studies is to find ways to present free rewards yet at the same time ensure that the forget cue functions in its intended role directing the subject to forget the sample stimulus.
On a final note, it is worth speculating on our observation that some NCL executive neurons were selective in that they showed sustained activation after only one of the two sample stimuli, whereas others were nonselective in that the sustained activation followed both sample stimuli. It is natural to wonder if the selective neurons are coding for the sample stimulus whereas the nonselective neurons are coding for a more common feature, such as reward. If so, we might expect that for the selective neurons, which code the sample, the free-reward activity would map onto the forget activity, whereas for the nonselective neurons, which code the reward, the free-reward activity would map onto the remember trials. Instead, we found no evidence for a differential pattern of mapping between selective and nonselective neurons; in both cases the free-reward activity mapped onto the remember activity. If anything, the absence of a differential effect would also favor the view that both selective and nonselective neurons are coding the sample stimulus. Just as there are neurons that respond to a red stimulus, and others that respond to a red and white stimulus, so too are there neurons that remember red and others that remember red and white.
Neural Basis of Directed Forgetting
Of course, it is fair to ask why presenting a reward should encourage rehearsal of the sample stimulus. The argument is that on remember trials the animals are reinforced for engaging in rehearsal mechanisms. The remember cue is therefore associated with reward. Free-reward trials also end in reward, and hence the free-reward cue is also associated with reward. Since both the remember cue and the free-reward cue are associated with reward, there is generalization between the two trial types. As a result, the animal will engage in rehearsal mechanisms on any trial that ends in a reward (Maki and Hegvik, 1980; Maki, Olson, & Rego, 1981) .
We cautiously conclude that the sustained activation in the delay period represents a code of the sample stimulus. The directed forgetting literature is still undecided on the issue of whether the forget and remember cues are controlling an active memory process. There are two contrasting views on this issue. One camp takes the view that the remember and forget cues are directing the birds to engage in an active process of remembering and forgetting during the delay period. In support of this stance is evidence that the effectiveness of the forget cue is a function of delay length (Maki and Hegvik, 1980; Maki et al., 1981) as well as a function of where in the delay period the forget cue appears (Grant, 1981; . With respect to delay length, forget cues are effective only on long rather than short delays, as would be expected if the forget cues are controlling an active memory process. With respect to position within the delay period, forget cues typically have their greatest effect when they appear early rather than late in the delay period. Again, this makes sense from the point of view of the forget cues affecting an active memory process.
In contrast to the view that an upcoming reward encourages an active rehearsal process similar to that seen on remember trials, a second camp, led by Zentall and colleagues Zentall, 1993, 1994; Zentall, Roper, & Sherburne, 1995) has argued that nonmemorial processes can account for much of the directed forgetting data. Rather than reflecting an active memory process, the low levels of performance on forget trials reflect the operation of nonmemorial processes like surprise and attentional factors rather than an active process of forgetting. Specifically, Zentall and colleagues argued that the low performance on forget probe trials is due to an incompatibility between the response that is required on forget trials (i.e., none) and the response that is required on remember trials (i.e., respond to one of the two stimuli). When presented with a forget probe trial, the animal is not expecting to have to make a response and is then surprised when a response is required. This surprise translates into poor performance on forget probe trials. This response-incompatibility hypothesis does account for much of the directed forgetting data, but not all of it (Grant, 1981; Grant & Soldat, 1995) . In addition, the data from the current study argue against a responseincompatibility interpretation on two grounds. First, our freereward probes did present a response-incompatibility situation yet performance was high. Second, if the sustained activation represents a code of an upcoming response, as one might predict on the basis of the response-incompatibility hypothesis, then the neural activity on free-reward trials should have mapped onto the neural activity on forget trials, since both predicted that no response needs to be made. Instead, the neural activity on free-reward trials mapped onto the neural activity on remember trials. In the end, simple explanations such as response incompatibility are possible, but not without their own interpretational problems.
We have shown that neural activity following a cue to remember results in a sustained activation during a memory period and that a cue to forget significantly reduces the sustained activation. A cue that indicates a free reward also results in sustained activation during a memory period, a finding in line with behavioral data that subjects do not forget if a reward, or the opportunity to obtain a reward, is forthcoming. Conclusive evidence as to whether the sustained activation during the delay period represents a code of the sample or a code of the reward must await further experimentation.
